Dnacin B1 preferentially inhibited the incorporation of [3H]thymidine into acidinsoluble fractions in Escherichia coli. At a sublethal concentration, dnacin B1 caused filamentous growth in E. coli and induced prophage X. The antibiotic also showed potent bactericidal activity against repair-deficient E. coli strains, such as recA, recB, and polA strains. In in vitro studies, dnacin B1 raised the melting temperatures of various double-stranded DNAs. In addition, the antibiotic showed DNA-cleaving activity against PM2 DNA in the presence of reducing agents, and the activity was suppressed by scavengers for oxygen free radicals and an iron-specific chelator, desferrioxamine E. The stimulation of the generation of superoxide radical by dnacin B1 was confirmed by measuring the reduction of neotetrazolium. Therefore, it can be presumed that the primary cellular target of dnacin B1 is DNA in susceptible cells, and the autooxidation of DNA-bound dnacin B1 causes the generation of oxygen-free radicals that result in the damage of DNA and the inhibition of its synthesis.
Dnacin B1 preferentially inhibited the incorporation of [3H]thymidine into acidinsoluble fractions in Escherichia coli. At a sublethal concentration, dnacin B1 caused filamentous growth in E. coli and induced prophage X. The antibiotic also showed potent bactericidal activity against repair-deficient E. coli strains, such as recA, recB, and polA strains. In in vitro studies, dnacin B1 raised the melting temperatures of various double-stranded DNAs. In addition, the antibiotic showed DNA-cleaving activity against PM2 DNA in the presence of reducing agents, and the activity was suppressed by scavengers for oxygen free radicals and an iron-specific chelator, desferrioxamine E. The stimulation of the generation of superoxide radical by dnacin B1 was confirmed by measuring the reduction of neotetrazolium. Therefore, it can be presumed that the primary cellular target of dnacin B1 is DNA in susceptible cells, and the autooxidation of DNA-bound dnacin B1 causes the generation of oxygen-free radicals that result in the damage of DNA and the inhibition of its synthesis.
Dnacin B1 is a new benzoquinoid antibiotic detected by a screening system for antitumor antibiotics having the ability to interact with DNA that use an Hfr strain of Escherichia coli (19, 23, 25) . Dnacin B1 shows potent antibacterial activity but only slight activity under anaerobic conditions (23) and causes a high frequency of loss of F-like plasmids (25) . In an attempt to clarify the mechanism of action of dnacin B1, it was found that the antibiotic had the ability to inhibit DNA synthesis in E. coli and to interfere with the cell division of this bacterium at a sublethal concentration. From these and several other properties in the E. coli system, it was thought that dnacin B1 might cause lesions in DNA resulting in inhibition of its synthesis and induction of multiple cellular responses in susceptible cells.
Here we describe the effect of dnacin B1 on growth and macromolecular synthesis in E. coli, its interaction with DNA, and dnacin Bl-mediated generation of superoxide radical and discuss the mechanism of action of dnacin B1.
MATERIALS AND METHODS Chemicals. Dnacin B1 was prepared from a culture fluid of Nocardia sp., strain C-14482 (N-1020) (19, 23 For determining bactericidal activity against repairdeficient strains of E. coli, the cell pellet prepared from 5 ml of an overnight culture of each strain by centrifugation was suspended in 5 ml of 0.02 M potassium phosphate buffer (pH 7.0). Dnacin B1 at various concentrations was added to 1-ml portions of the cell suspension, which were incubated at 37°C without shaking. The number of viable cells was measured after 30 min of incubation.
Assay for prophage induction. In an exponential culture of E. coli TE-219 with Penassay broth, dnacin B1 was added at various concentrations, and the culture was incubated at 37°C with gentle shaking. After 4 h of incubation, chloroform was added to each culture, and the cultures were then shaken for 30 min at 37°C. The plaque-forming ability of the chloroformtreated culture was determined with E. coli FE-1 as the indicator strain and one-half strength Trypticase soy agar (BBL) as the assay medium.
Thermal denaturation studies. For thermal denaturation studies of double-stranded DNAs, a Gilford model 250 spectrophotometer attached to a model 2527 thermoprogramer was used. A heating rate of 0.5°C/min was employed.
Agarose gel electrophoresis of PM2 DNA. The reaction mixture contained 50 mM Tris-hydrochloride (pH 7.5), optical density at 260 nm (OD260) of 0.5 U/mI of PM2 DNA, 0.5 to 25 ,ug of dnacin B1 per ml, and other supplements if necessary. Fifty microliters of the mixture was incubated for 60 min at 37°C. After the addition of 15 ,u of the marker dye solution containing 0.02% bromophenol blue and 50%o sucrose, a 20-,ul portion of the mixture was placed in the well of a 0.7% agarose (Bethesda Research Laboratories, Inc., Gaithersburg, Md.) gel slab with a Gelman semi-microelectrophoresis chamber. Electrophoresis was performed in a buffer containing 50 mM Tris, 20 mM sodium acetate, and 2 mM EDTA disodium salt (pH 8.0) for 16 h at 10 mA of constant current and 5°C. After electrophoresis, the gel was stained with the electrophoresis buffer supplemented with 0.5 ,ug of ethidium bromide (Aldrich Chemical Co., Milwaukee, Wis.) per ml. DNA bands were photographed under UV light (253.6 nm) with a Polaroid model MP4 camera. Under these conditions, the order of anodal migration for three different forms of PM2 DNA is form I (covalently closed circular form; fastest), form III (double-strand broken linear form; intermediate), and form II (single-strand broken form; slowest) (7, 11, 18) .
Assay for superoxide generation. The generation of superoxide was measured by the method of Misra (17) . The reaction was initiated after the addition of dithiothreitol at 0.5 mM to 2 ml of the reaction mixture containing 0.12 mM neotetrazolium chloride, 0.8% Triton X-100, and dnacin B1 at various concentrations in 0.05 M potassium phosphate buffer (pH 7.8). The initial reduction rate was measured at 500 nm and at 25°C with a Hitachi model 124 spectrophotometer. Superoxide dismutase (SOD) was added at a concentration of 5 growth of E. coli at low concentrations under aerobic conditions (23) . When an exponentially growing culture of E. coli was exposed to dnacin B1 at 0.4 ,jig/ml, the number of viable cells was markedly decreased (Fig. 1) . In spite of the rapid loss of viability, there was no corresponding decrease in the turbidity of the treated culture, indicating that bacterial killing by dnacin B1 is not accompanied by cell lysis. To determine the action of dnacin B1 against the synthesis of cellular macromolecules in E. coli, the incorporation of radiolabeled precursors into acid-precipitable counts was examined. Dnacin B1 at 0.2 ,ug/ml markedly inhibited the incorporation of
[3H]thymidine (Fig. 2) (27) . When E. coli NA-15 was exposed to dnacin B1 at a sublethal concentration (0.04 ,ug/ml), extremely elongated cells were observed (Fig. 3B) . On the other hand, dnacin B1 at a lethal concentration (0.4 ,ug/ml) caused no filamentous growth (Fig. 3C) . If dnacin B, causes lesions in DNA, a bacterium lacking the ability to repair these lesions may be highly susceptible to the antibiotic. In fact, some repair-deficient strains of E. coli lost their viability when exposed to low concentrations of dnacin B1. Exposure to dnacin B1 at 0.05 to 0.2 ,ug/ml in 0.02 M potassium phosphate buffer caused drastic reduction of the viability of the recA strain (Fig. 4 ). An isogenic strain with the recB mutation also showed marked susceptibility to dnacin B1, whereas a strain with the uvrB mutation showed only slight susceptibility. The viability of an allogenic strain with the polA mutation was affected considerably by dnacin Bl. These results suggest that the DNA lesions caused by dnacin B1 may be repaired by recombination machinery in E. coli.
To determine the ability of dnacin B1 to induce prophages, the induction of prophage k from a lysogenic strain, TE-219, was examined.
When exposed to dnacin B1 at 0.01 to 0.02 ,ug/ml for 4 h, the plaque-forming ability of the culture was significantly increased (Fig. 5) , indicating that dnacin B1 has the ability to induce prophage X.
Interference of dnacin B1 with thermal denaturation of DNA. As described above, there is a possibility that dnacin B1 may directly interact with DNA, resulting in damage to DNA temperatures and the hyperchromicities of bacterial DNAs increased in the presence of dnacin B1 (Fig. 6A-C) and poly(dA-dT) * poly(dA-dT) ( Fig. 6D and E) . Dnacin B1 raised not only the melting temperature of polydeoxyguanylate-polydeoxycytidylate [poly(dG-dC)] -poly(dG-dC), but also its hyperchromicity, probably as a consequence of the DNA cleavage at the binding site of dnacin B1 at high temperatures (Fig. 6F) . These results suggest that the interaction of dnacin B1 with DNA may be due mainly to its reaction with guanine or cytosine residues or both. DNA strand scission by dnacin B1. The property of dnacin B1 to cleave DNA strands was confirmed by agarose gel electrophoresis with PM2 DNA. Dnacin B1 alone at 5 ,ug/ml produced significant changes in the electrophoretic mobility of forms I and II DNA bands. This effect seems to be due to the binding of dnacin B1 to these forms of PM2 DNA. When a reducing agent, dithiothreitol (DTT), was applied to the mixture, most of the form I DNA band disappeared, but the form II DNA band was markedly increased (Fig. 7, lane G) . However, DTT alone did not affect the electrophoretic pattern (Fig. 7,  lane F) . Similar results were also obtained for the combination of dnacin B1 with 2-mercaptoethanol or NADPH (Fig. 7, lanes C and E) . These results suggest that the reduced form of dnacin B1 has the potential to cause singlestrand scission of PM2 DNA. The DNA-cleaving activity was observed even at 0.5 pug of dnacin B1 per ml (Fig. 7, lane H) , and the activity depended on the concentration of the antibiotic (Fig. 7, lanes G-I) . D-Mannitol, dimethyl sulfoxide, and 2-mercaptoethylamine, scavengers for the hydroxyl radical, inhibited the DNA-cleaving activity of dnacin B1 (Fig. 8, lanes C-E) . Among them, 2-mercaptoethylamine showed the strongest activity. These results suggest that the hydroxyl radical may be involved in the dnacin B1-induced cleavage of PM2 DNA. Catalase and SOD also inhibited the DNA-cleaving activity of dnacin B1 (Fig. 8, lanes F and G) . These findings are supported by the fact that the hydroxyl radical is generated from the reaction of superoxide with hydrogen peroxide (10) . Some antitumor agents with quinone moieties are known to cleave DNA under reduced conditions (1, 2, 14, 15, 22, 26) , and metal ions play important roles in their cleaving activities. On the basis of this notion, the effect of chelating agents was examined. The DNA-cleaving activity of dnacin B1 on PM2 DNA under reduced conditions was only slightly affected by EDTA (Fig. 8, lane H) . On the other hand, an iron-specific chelator, desferrioxamine E (8), suppressed this DNA-cleaving activity (Fig. 8, lane I) . These results strongly suggest that the reduced quinone moiety of dnacin B1 may require small amounts of ferrous ion for cleaving PM2 DNA. Since superoxide-dependent production of the hydroxyl radical is catalyzed by iron-EDTA complex (16) and inhibited by desferrioxamine (4), the hydroxyl radical mediated by a reduced form of dnacin B1 may act as an oxidizing agent, resulting in the cleaving of DNA.
Dnacin Bl-mediated generation of superoxide. As mentioned above, dnacin B1 seems to be a generator of oxygen free radicals. To clarify this property, stimulation of the reduction of neotetrazolium during the autooxidation of DTT in combination with dnacin B1 was measured. The reaction was initiated after the addition of 0.5 mM DTT to a mixture containing 0.12 mM neotetrazolium, 0.8% Triton X-100, and dnacin B1 in 0.05 M potassium phosphate buffer (pH 7.8). The initial neotetrazolium reduction rate was measured at 500 nm and 25°C. SOD was added at a concentration of 5 (5, 6, 12, 13, 20) , this moiety in dnacin B1 might also be involved in its preferential binding to guanine residues in DNA. In thermal denaturation studies, dnacin B1-treated DNA with a high G+C content ( Fig. 6C and F) showed a drastic increase of hyperchromicity at high temperatures. There is the possibility that this phenomenon may be due to the thermal induction of DNA cleavage at the site of alkylation (15) by dnacin B1, which has the ability to cleave PM2 DNA in the presence of small amounts offerrous ion under reduced conditions. This might be owing to the formation of semiquinone or hydroquinone of dnacin B1, which has the potential to generate oxygen free radicals by its autooxidation, like other quinone antitumor agents (1, 3, 14, 15, 22, 26) .
Bachur et al. (1) proposed that the primary cytotoxicity of quinone antitumor agents resulted from their intracellular activation to a free radical. As free radicals, these agents have the potential to be site-specific free radicals that bind to DNA or RNA and either react directly or generate oxygen-dependent free radicals, such as superoxide radical or hydroxyl radical, to cause the damage associated with their cytotoxicity. Therefore, it can be presumed that dnacin B1 may also act as a site-specific radical that binds to DNA and damages this molecule by reacting directly or generating oxygen free radicals. The role of the hydroxyl radical in DNA damage has been examined, and it has been shown that it may be the most effective agent for breaking DNA (9, 10 
